Bartonella henselae causes cat-scratch disease and bacillary angiomatosis peliosis. The bacteria reside in erythrocytes of asymptomatic cats, which represent the natural reservoir for this pathogen. B. henselae is usually grown on blood-enriched media. Growth experiments on Brucella medium without blood demonstrated that heme compounds are essential for the growth of B. henselae and can completely substitute the addition of blood components. The heme precursor protoporphyrin IX alone, or in combination with FeCl 2 or FeCl 3 , as well as transferrin or lactoferrin did not support growth, indicating that B. henselae cannot synthesize heme itself. Hemin supported growth even when free iron was chelated, indicating that hemin is also used as an iron source. Binding assays showed that hemin starvation increased the binding capacity of B. henselae for hemin, providing evidence that the bacteria carry a specific hemin uptake system, which might be regulated by hemin. ß
Introduction
Iron is an essential nutrient for nearly all organisms. In body £uids of higher vertebrates including humans, iron is strongly bound by transferrin, lactoferrin and ferritin [1] . The major part of body iron is present in heme moieties (e.g. of hemoglobin, myoglobin, cytochromes). The level of available iron is reduced to a minimum, creating bacteriostatic conditions. In order to scavenge iron from various host sources invasive bacterial pathogens, such as Neisseria spp. or Haemophilus in£uenzae, produce higha¤nity receptors for lactoferrin, transferrin and hemin [1, 2, 3] . The essential role of heme uptake systems in the virulence of pathogenic bacteria has also been demonstrated for Vibrio cholerae and Streptococcus pneumoniae [4, 5] .
Bartonella henselae is a fastidious, small Gram-negative rod. It is the causative agent of cat-scratch disease and one of the agents of bacillary angiomatosis peliosis, which is characterized by vasoproliferative lesions and the formation of blood-¢lled cysts [6] .
Cats are the natural reservoir for B. henselae [7, 8] and these microorganisms have been demonstrated to invade erythrocytes and to persist intra-erythrocytically in their clinically-healthy host [8] . Penetration of human erythrocytes has been demonstrated for the closely-related species Bartonella bacilliformis, the causative agent of Oroya fever [9] . This acute stage of Carriö n's disease is usually complicated by a severe anemia, which is caused by a very high number of infected erythrocytes in these patients.
Growth of all Bartonella spp., including B. henselae, is usually propagated on blood-containing media [10] and the bene¢cial e¡ect of supplementation of the media with hemin and erythrocyte membrane fractions has been pointed out by other investigators [11, 12] . All together, these ¢ndings provide strong evidence that the uptake of heme compounds is essential for the growth of B. henselae.
The aim of this study was to analyze the role of hemin, its precursor protoporphyrin IX, and other iron-containing host compounds for the growth of B. henselae and to investigate the ability of this organism to bind hemin.
Materials and methods

Cultivation of B. henselae
The strains used in this study were B. henselae ATCC 49882, B. henselae CDC G5436 and B. henselae FR/97 K7 0378-1097 / 00 / $20.00 ß 2000 Federation of European Microbiological Societies. Published by Elsevier Science B.V. All rights reserved. PII: S 0 3 7 8 -1 0 9 7 ( 0 0 ) 0 0 2 4 3 -3 [13] . Cultures were grown on chocolate agar plates, supplemented with 5% sheep blood at 37³C in a humidi¢ed atmosphere containing 5% CO 2 . For experiments, bacteria were harvested after 4 to 5 days of growth and washed with phosphate-bu¡ered saline (PBS). 2 colony forming units (cfu) were plated on the supplemented agar plates. After 5 and 10 days of incubation the intensity of bacterial growth and the number of cfu was determined for all concentrations of the supplemented media.
Iron depletion was generated with the iron chelator ethylene-diamine-di-o-hydroxyphenyl-acetic-acid (EDDHA), which was added at concentrations of 50 to 1000 WM to 30 WM hemin-containing BA. A siderophore-de¢cient mutant of Escherichia coli (H5280), unable to utilize hemin as an iron source, served as a negative control.
All chemicals were purchased from Sigma, St. Louis, MO, USA. The non-proteinaceous supplements were sterile-¢ltered before use (Millipore Steril¢lter, 0.22 Wm). Lactoferrin, transferrin and hemoglobin solutions were prepared under sterile conditions.
Growth in liquid media
Brucella broth (BB) (Difco Laboratories, Detroit, MI, USA) was used for growth experiments in liquid media. For determination of the minimal requirement of hemin, vials with 10 ml of BB were supplemented with increasing amounts of hemin (0.3 WM to 1 mM), each tube was inoculated with B. henselae (10 5 cfu ml 31 ) and incubated at 37³C for 14 days. Bacterial growth was measured as the increase in optical density (OD) at 600 nm on days 0, 2, 4, 7, 9, 11 and 14. Additionally, the number of viable bacteria was determined on days 0, 4, 7 and 11 by plating of 100 Wl on chocolate agar, and a Gram-stain was performed from each culture to exclude other contaminations. Colonies were counted after 10 days of incubation.
Hemin-supplemented BB without bacteria served as negative controls.
Growth experiments were performed with two B. henselae strains (B. henselae ATCC 49882 and B. henselae CDC G5436). All growth experiments were carried out twice.
Hemin-binding assays
The hemin-binding capacity of B. henselae was examined using a method described by Tai et al. [14] for pneumococci. The binding of hemin to B. henselae whole cells was measured on cells grown under hemin-saturated conditions (chocolate agar plates) and on hemin-starved cells. For hemin starvation, bacterial cells were incubated on BB without hemin at 37³C for 2 and 4 days, respectively. Cells were harvested, washed with PBS, centrifuged (10 000Ug for 10 min) and resuspended in tubes containing 10 ml of PBS to an OD at 600 nm of 0.58 (approximately 1U10 8 cfu ml 31 ). Finally, 30 Wg ml 31 of hemin was added and the tubes were shaken continuously. For determination of hemin binding, 1 ml was removed from each tube and binding reactions were terminated in these samples by centrifugation at 5000Ug for 10 min. The amount of unbound (free) hemin in the supernatants was determined photometrically by measuring the optical density of hemin at 405 nm in a microplate reader (Ceres 900 HDi, Bio-Tec Instruments). The amount of bound hemin was calculated by subtraction of optical density values from a control without bacteria. Hemin-binding experiments were performed with the two strains B. henselae CDC G5436 and B. henselae FR97/K7. The kinetics of hemin binding were determined by interval measurements (30 min) for a total of 4 h from three di¡erent experiments.
Results
Hemin-dependent growth of B. henselae on solid media
In order to determine whether the growth of B. henselae can be propagated on media without blood components, growth experiments with various iron-containing host proteins including transferrin, lactoferrin, hemoglobin and hemin were performed on Brucella agar. The results summarized in Table 1 indicated that only hemin and hemoglobin supported growth at concentrations of 30 and 15 WM, respectively. The growth-supporting function was not observed for the heme precursors protoporphyrin IX and ionic iron ( Table 1 ) providing evidence that B. henselae cannot synthesize hemin from both substances. Transferrin and lactoferrin at concentrations up to 1 mM did not restore bacterial growth (Table 1) .
The growth-supporting function of hemin (30 WM) was not abolished by the iron chelator EDDHA at concentrations of up to 1 mM (data not shown), suggesting that hemin serves as an iron source for B. henselae. In contrast, the siderophore-de¢cient mutant of E. coli (H5280), unable to utilize hemin as an iron source, could not grow in the presence of EDDHA at concentrations of more than 100 WM. The same results have been obtained for both B. henselae strains tested.
Quanti¢cation of hemin-dependent growth in liquid media
Quanti¢cation of bacterial growth in liquid cultures propagated in BB with increasing amounts of hemin showed that hemin supported growth in a dose-dependent manner. However, B. henselae is a slow-growing bacterium and signi¢cant growth did not occur before 4 days of incubation even in the presence of high hemin concentrations (Fig. 1) . The minimal hemin concentration necessary for signi¢cant growth in the liquid medium was in the range of 6 WM (3.91 Wg ml 31 ). The amount of viable bacteria in the hemin-supplemented liquid cultures was determined by subcultivation of aliquots (100 Wl) on chocolate agar on days 0, 4, 7 and 11 ( Fig. 2) . In unsupplemented BB, no bacterial growth was observed on day 4 or later. A small number of bacteria survived or replicated at hemin concentrations of 0.3 and 0.7 WM for 4 days. At 1.5 and 3 WM of hemin, after an initial increase on day 4, cfu ml 31 dropped below the starting level at day 7, whereas no growth occurred on subcultures performed on day 11. A 100-fold increase in viable bacteria was observed at 6 WM hemin only on days 4 and 7, whereas the number of viable organisms dropped Transferrin  3  3  3  3  3  3  3  3  3  Lactoferrin  3  3  3  3  3  3  3  3  3  Protoporphyrin IX  3  3  3  3  3  3  3  3  3  Protoporphyrin IX+Fe II Cl 2  3  3  3  3  3  3  3  3  3  Protoporphyrin IX+Fe III Cl 3  3  3  3  3  3  3  3  3 on day 11 to that on day 0. At hemin concentrations of 12 WM and above, the amount of cfu ml 31 was 100 times greater on days 4, 7 and 11 compared to day 0. These results correspond with data from optic densitometry at 600 nm, where the OD remained stationary from day 4 at 3 WM and from day 9 at 6 WM, respectively. Interestingly, an increase of viable bacteria more than 100-fold could not be observed even in higher concentrations of hemin, although OD values increased continuously, thus indicating that with prolonged incubation a large number of nonviable bacteria is likely to be present. Similar results have been obtained for both B. henselae strains tested.
Detection of hemin-binding activity in B. henselae
Hemin-dependent growth of B. henselae provides strong evidence for the presence of a speci¢c hemin uptake system which might include a high-a¤nity receptor located at the cell surface. The ability of B. henselae to bind hemin and the in£uence of hemin starvation on binding activity was investigated using a photometric assay. The results shown in Fig. 3 indicate that B. henselae is able to bind hemin and that the hemin-binding capacity of the cells is increased by hemin starvation in a time-dependent manner. Similar results have been obtained for both B. henselae strains tested. 
Discussion
The ability to use heme compounds as sole sources for iron and porphyrin cofactors is widely distributed among pathogenic bacteria [2, 5] . The growth experiments performed in this study demonstrate that hemin is an essential growth factor for B. henselae. Hemoglobin, the most readily available source of heme in vivo, was also shown to restore growth and the minimal requirement for hemoglobin was two times lower than that for free hemin. A similar dependence on hemin as growth factor is also known for H. in£uenzae [15] . However, if hemin is replaced by the hemin precursor protoporphyrin IX, H. in£uenzae is, due to its ferrochelatase activity, still able to grow [16] . B. henselae did not grow with protoporphyrin IX and ionic iron, suggesting that it lacks either uptake mechanisms for protoporphyrin IX or the ability to synthesize heme from the precursors. Sequencing of the H. in£uenzae genome [17] revealed that hemin-dependence of this organism is due to an incomplete biosynthetic pathway for porphyrins and the results obtained here suggest that this could also be the case for B. henselae.
The fact that hemin supported growth in B. henselae even if free ionic iron was complexed by the iron chelator EDDHA, whose presence abolished growth in a siderophore-de¢cient mutant of E. coli, strongly indicates that hemin may serve as an iron source for B. henselae. The utilization of transferrin and lactoferrin as sources for iron has been demonstrated mainly for the genera Pasteurellaceae and Neisseriaceae [1, 2] . However, these compounds apparently did not support growth of B. henselae.
The ability to utilize hemin and hemoglobin depends on binding and uptake of these molecules. The presence of a hemin-speci¢c uptake system in B. henselae is supported by the fact that nearly 50% of the added hemin was bound within 4 h. The ¢nding that binding capacity was increased by hemin starvation provides evidence for hemin regulation of this system.
In conclusion, hemin is an indispensable growth factor for B. henselae. The a¤nity of B. henselae to erythrocytes and the dependence for hemin might play an essential role in pathogenesis which is currently under investigation.
